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Introduction
Mucins are a family of gigantic glycoproteins expressed on the epithelial cell surfaces including ducts of lacrimal glands in the eye, salivary glands, the lining of the respiratory, gastrointestinal, urothelial and reproductive tracts (1) . They play a central role in the mechanochemical protection of the epithelial cell surfaces, configure and maintain the local microenvironment and promote cell survival by impacting overall homeostasis in adverse physiological and pathological conditions (2) (3) (4) (5) . All members of the mucin family are characterized by the presence of tandem repeat regions (TRR), with a high proportion of proline, threonine and serine residues (called PTS sequences). The serine and threonine residues in the TRR undergo O-linked glycosylation post-translationally, as per the distinct requirements of the epithelia (6) . The variability in their tandem repeats renders a high degree of polymorphism to the members of mucin family (1) . Owing to the large molecular weight, glycosylations and formation of polymer-based high-ordered structures, mucins have complex biophysical properties. In response to external stimuli, mucins transduce signals through multiple domains present in their structure, resulting in altered proliferation, migration, differentiation, apoptosis, cell adhesion and downstream signaling in cellular pathology (7) . Deregulated mucin expression and function act as an important link between inflammation and cancer (8) . Mucin-associated glycans may act as ligands for receptors, confer hygroscopic properties, sequester various cytokines and growth factors and provide stoichiometric amplification owing to their high degree of multivalency for oligosaccharide structures (4) . The deregulated expression of mucins, their differential glycosylation and altered localization has been implicated in multiple pathologies including properties of tumor and its microenvironment (8) .
To date, 21 different mucin family members have been identified. These have both unique and shared structural features and are classified into two broad subfamilies, namely the transmembrane mucins and secreted mucins (1) . Transmembrane mucins (MUC1, MUC3A/B, MUC4, MUC11-13, MUC15-17, MUC20 and MUC21) have hydrophobic plasma membrane-spanning domain and short cytoplasmic tails that facilitate mucin-mediated intracellular signaling (9) . Secreted mucins include gel-forming (MUC2, MUC5AC, MUC5B, MUC6 and MUC19) and non-gel forming (MUC7) mucins. The gel-forming mucins form a physical barrier as a mucous gel, providing protection to epithelial surfaces such as respiratory (MUC5B, MUC5AC) and gastrointestinal tracts (MUC2, MUC6) (5) . As a part of defense mechanism to maintain the integrity of epithelial surfaces, secretory mucins seems to appear early in metazoan evolution followed by transmembrane mucins (8) .
Among the gel-forming secretory mucins, the MUC6, MUC2, MUC5AC and MUC5B genes are thought to have evolved from the common gene ancestor, human von Willebrand factor on chromosome 11p15 by gene multiplications and subsequent domain duplications (10) . For the first time, MUC5AC was identified as a tracheobronchial mucin gene MUC5 localized on chromosome 11p15 (11) . Numerous genetic clones were identified and thought to encode unique mucins MUC5A, MUC5B and MUC5C. Subsequently, MUC5A and MUC5C were found identical, and henceforth, the gene was designated as MUC5AC (12) . Multiple histological studies highlighted that polymeric gel-forming secretory mucin MUC5AC is expressed in conjunctiva, middle ear, nasopharynx, lungs, gallbladder and stomach under normal conditions providing protection to corresponding epithelial surfaces from different factors under physiological (58, 59) ; simultaneous expression of MUC1 and MUC5AC in 83% of UBC (57) ; no correlation with survival (57) a Expression of MUC5AC has also been observed in conjunctiva/ocular surface (60,61), eustachian tube (62), middle ear (63), nasopharyngeal mucosa (64) and sebum cells in epidermis (65) but no association has been observed with any form of malignancies in the respective organ.
conditions (Table 1 ) (13, 14) . However, aberrant expression of MUC5AC is observed in various benign pathologies (Table 2) and malignant conditions (Table 1) . Pathological significance of MUC5AC expression and the associated complications have led to extensive studies discerning its regulation and therapeutic inhibition of its expression (15) . However, to date, molecular implications of MUC5AC and modes of its functioning remain obscure, thus hindering the progress of successful therapeutic interventions against these pathologies. This review, for the first time, provides a comprehensive and updated overview of the genomic organization, structure, expression, regulation and functional significance of secretory mucin MUC5AC in physiological conditions, as well as during development and progression of benign and malignant pathologies. Furthermore, it highlights the diagnostic utility and possible implications associated with direct/indirect therapeutic targeting of MUC5AC expression in various pathologies including cancers.
Biosynthesis, genomic organization, domain structure and domain-specific antibodies of MUC5AC
The high degree of sequence similarity among different mucin genes and their guanine-cytosine rich extended repeats make them difficult targets for molecular cloning, thereby rendering their structure and sequence hard to characterize (5, 10) . Polymeric gel forming secretory mucins share a similar gene structure composed of a large central exon representing TRR and flanking 5′ and 3′ regions. MUC5AC gene is located within a single 400 kb genomic deoxyribonucleic acid (DNA) segment in the subtelomeric, recombination-rich region on chromosome 11p15.5, clustered with four other mucin genes in a sequence MUC6-MUC2-MUC5AC-MUC5B from telomere to centromere (Figure 1 ) (87) .
MUC5AC is a huge multidomain oligomeric secretory molecule with a heavily O-glycosylated apoprotein core and extensive intramolecular disulfide bonds between the cysteine-rich amino and carboxy-terminal domains (15) . The completely annotated MUC5AC cDNA sequence (~17.5 kb) (http://www.ncbi. nlm.nih.gov/nuccore/748983075) consists of total 49 exons that encode a protein of ~5654 residues. The location and sequences of the intron-exon boundaries, intron-exon sizes and splice junction sequences have previously been elucidated and were recently updated (87) . The 5′ region of MUC5AC is composed of 30 exons that encode cysteine-rich domains D1, D2, D′ and D3 [similar to structural domains within von Willebrand factor (vWF)] and a short domain corresponding to the MUC11p15-type (88) . The 5′ region also contains a potential 19 amino acid signal (66) MUC5AC is differentially overexpressed during allergic rhinitis, causing airway obstruction and infection (67) Chronic rhinosinusitis Goblet cell and submucosal gland cell hyperplasia resulting in mucus production and hypersecretion with defective mucociliary clearance of nasopharyngeal mucosa (68) MUC5AC mRNA and protein levels are observed to be significantly increased in goblet cells of the epithelium in chronic rhinosinusitis compared with those in normal sinus mucosa (68) (69) (70) Otitis media Uncontrolled, excessive mucus production in the eustachian tube and middle ear contributing significantly to conductive hearing loss (71) Post-transcriptionally modified longer length of MUC5AC mucin results in the higher viscosity of mucin, leading to abnormal mucociliary clearance, middle ear fluid stasis and ultimately chronic disease condition (72) Chronic airway diseases (CADs) CADs (asthma, cystic fibrosis and chronic obstructive pulmonary disease) are associated with mucous cell metaplasia, resulting in mucus hypersecretory phenotype (15) that involves increased expression, production and release of mucins A marked increase in MUC5AC mRNA and protein expression is observed in CADs (73) . Expression of MUC5AC is also found to be elevated in the cystic fibrosis sputum (74) . A 6.4 kb VNTR in the MUC5AC gene has been significantly associated with the severity of cystic fibrosis lung disease (75) Barrett's esophagus Premalignant condition of the esophagus consisting of mucosa with a metaplastic columnar epithelium (76) MUC5AC expression and secretion during Barrett's esophagus can be attributed to the conjugated bile acids present in the refluxate (77)
Helicobacter pylori infections
Helicobacter pylori (H.pylori) colonizes the gastric mucosa to induce chronic inflammation and intestinal metaplasia through genetic and epigenetic changes (78) H.pylori colonize by its adhesion via BabA and SabA adhesins to the blood group antigens Le B and Sialyl Le X present on gastric mucin MUC5AC (79) . The reduced MUC5AC expression might be associated with H.pylori mediated gastric carcinogenesis and the progression to GC (80) . Among H.pylori virulence factors, urease virulence factor downregulate MUC5AC mucin expression in cell-specific manner and independent of NF-kB (81) Pancreatitis
Inflammation of the pancreas that may progress to necrosis of the pancreas or surrounding fatty tissue. The two main types include acute and chronic pancreatitis (82) In a case of autoimmune pancreatitis, the atypical cells were tested positive for the MUC5AC overexpression (83) . In case of mouse models, chronic pancreatic injury results in hyperplastic PDGs along with de novo expression of mouse Muc5ac (84) Inflammatory bowel disease Dysfunctional mucus barrier caused by host immune, microbial, genetic or environmental MUC5AC expression was detected in the mucus of 70% ulcerative colitis cases and associated with gastric metaplasia during long-standing inflammation to exhibit foveolar differentiation in intestinal mucosa. MUC5AC expression was observed predominantly in columnar cells of the significantly distorted crypts and positively correlated with disease activity and goblet cell depletion (85, 86) sequence and 7 potential N-glycosylation sites (89) . It has been proposed that Cys-Gly-Leu-Cys motifs in 5′-region D-domains of MUC5AC drive disulfide-linked multimer formation (88) . The D1 domains of two consecutive MUC5AC molecules are involved in non-covalent interactions via their leucine zipper motif (between residues 273 and 300) resulting in homo-oligomerization and further multimerization via the N-termini of the homo oligomers (89) . Overall, N-terminal domains are predicted to form inter-and intrachain disulfide bonds resulting in the assembly of MUC5AC as multimers.
The large central exon (exon 31, ~10.5 kb) in MUC5AC encompass PTS-rich tandem repeats (TR) and cysteine-rich CysD domains. The 4 TRRs (TR1-TR4) in MUC5AC consists of 24 nucleotides repeated units that translate into 8 amino acid PTS repeats. Although the consensus repeat sequence TTSTTSAP is observed more frequently, other motifs such as GTTPSPVP are also frequently observed (88) . The four TR regions are interspersed by a total of nine CysD domains (87) . Each of these CysD domains contains 10 cysteine residues per 110 amino acids (88) . The amino-terminal region of Cys subdomain is thought to possess a C-mannosylation consensus sequence (W-x-x-W) (10) . Interestingly, different individuals may have varying number of CysD domains due to segmental duplications resulting in MUC5AC structural variants (87) . The TR domains of MUC5AC are heavily O-glycosylated, coupled with unique sialylation and sulfation patterns. Glycosylation not only impacts the packaging of MUC5AC in the secretory granules and passage through the secretory pathway but also leads to conformational alteration impacting overall gel volume and formation of the MUC5AC networks within the mucus layer. The differential glycosylation patterns of MUC5AC in different pathologies may act as a mode of host defense against the ever-evolving pathogens and other diverse classes of environmental insults.
The 3′ region of MUC5AC has 18 exons, the last one containing the 3′-untranslated region. These C-terminus exons encode MUC11p15-type, A3uD4 and cysteine-rich vWF-like (D4, B, C and CK) subdomains (90) . The C-terminal cysteine-rich part of MUC5AC also contains a GDPH (Gly-Asp-Pro-His) cleavage sequence (91) . MUC5AC is cleaved at GDPH site in the endoplasmic reticulum at a neutral pH, and cleavage is accelerated by a lower pH (91) . However, the exact biological implications of this cleavage are still obscure necessitating further investigations. Studies suggest that the MUC5AC polypeptide form approximately within 20 min followed by folding, dimerization via disulfide linkage between the C-termini in the endoplasmic reticulum within 1 h. The dimeric polypeptide is then O-glycosylated by addition of N-acetyl galactosamine (GalNAc) residues (1-2 h) in Golgi complex. Further, oligo-and multimerization of MUC5AC happens in the Golgi network via disulfide linkage between N-termini (92) .
It may be possible that the different domains and subdomains of MUC5AC bear interaction sites for extracellular matrix components and other members of mucus layer, thereby indicating toward yet to be elucidated functional roles of MUC5AC apart from being an indispensable arm of innate barrier function. Recently, Ermund et al. illustrated that MUC5AC secreted from the airway surface goblet cells transiently coat the MUC5B bundles secreted from submucosal glands of trachea, probably through their homologous CysD domains. This interaction seems to facilitate slow movement of mucus bundles and its attachment to the surface epithelium preventing their fall off into the lumen (93) . Several monoclonal and polyclonal antibodies (Table 3) having reactivity towards unique domains of MUC5AC are available. Interestingly, multiple monoclonal antibodies reactive against MUC5AC were generated by animal immunization with mucins purified from ovarian cyst, pancreatic cancer cell line SW1990 xenografts or gastric mucin (Table 3) . Depending upon their affinity toward mature mucin or native polypeptide, differential reactivity pattern has been observed for anti-MUC5AC antibodies. Ho et al. observed that 21M1, 45M1 and Nd2 antibodies reacted with mature MUCAC having high degree of glycosylation. In contrast, the CLH2 antibody reacted principally with immature, less glycosylated mucin. Furthermore, on immunostaining of SW1990 cultured cells, the CLH2 antibody showed intense staining in the perinuclear region, while Nd2 stained perinuclear and cytoplasmic region. On stimulation by forskolin, the immunostaining by CLH2 remained perinuclear, while extracellular staining pattern was observed for 45M1, Nd2 and 21M1. Hence, CLH2 has preferential reactivity toward immature form, whereas 21M1, 45M1 and Nd2 show strong reactivity toward mature secreted form (94) . Furthermore, NPC-1C reacts with specific epitopes expressed by colorectal, pancreatic tumor-associated MUC5AC, while it does not appear from MUC5AC from normal tissues and other tumor cell types (95) . Furthermore, the preclinical activity of NPC-1C showed promise for targeting colorectal and pancreatic tumors. Of note, in certain scenario, differential pattern in expression of MUC5AC levels (increased versus decreased) has been observed by different groups for same pathological conditions (96, 97) . The information regarding antibodies reactive epitope characteristic could be of immense significance in delineating the observed differences. Considering their unique characteristic, MUC5AC antibodies can serve as useful tools for studying its biosynthesis, polymerization, degradation and interactome.
MUC5AC glycosylation
Study conducted to understand the biosynthetic process of MUC5AC concluded that MUC5AC mucin forms a dimer during initial biosynthetic step. MUC5AC forms dimers in N-glycosylationdependent manner in the rough endoplasmic reticulum within 15 min of the initiation of biosynthesis (114) (115) . Looking at these observations, it could be proposed that the carbohydrate heterogeneity represented by these mucins might be associated with their cell and tissue-specific functions and might have different pathological implications. It is still unclear whether cell type-specific glycosylation is guided by a cell-specific set of glycosyltransferases or apomucin itself instruct its own glycosylation leading to multiple carbohydrate chains to bind each mucin type. In this context, it was observed that fucosyltransferase 2 (FUT2) is expressed in normal stomach only when MUC5AC is present. The authors concluded that in normal gastric epithelium, MUC5AC glycosylation pattern might be dictated by a specific set of fucosyltransferase instead of the apomucin sequence (116) . Furthermore, in colon cancer cell lines like HT-29/M3, it has been shown that overexpression of enzyme FUT1 catalyzes the addition of α-1,2-fucose to MUC5AC, thus underscoring cell-specific glycosyltransferase-mediated apomucin glycosylation (117) . Furthermore, it has been shown that MUC5AC-associated Lewis type-1 antigens (122) . It is now established that the mucin-associated altered glycosylation may impact the mitogenic and metastatic properties of pancreatic cancer cells and can be clinically utilized for generation of tumor-specific markers. Hence, the identification of combined mucins and specific glycoforms has been attempted to increase the specificity of these cancer biomarkers. Pan et al. investigated altered glycoproteome associated with pancreatic tumorigenesis and observed aberrant N-glycosylation of MUC5AC during pancreatic cancer compared with normal pancreas (123) . Furthermore, owing to glycan alterations in pancreatic cancer, the novel antibody-lectin sandwich array technology utilized the combination of antibody-based capture along with lectin detection of glycan levels. It was observed that lectin Vicia villosa (bind to core the GalNAc), Jacalin lectin [bind Tn antigen, related T antigen (Galb1, 3GalNAc)], WGA [binds N-acetylglucosamine (GlcNAc), other saccharides] and Erythrina cristagalli lectin (binds lactosamine) increasingly bind to MUC5AC from mucin-producing cystic tumors. Use of lectin wheat germ agglutinin assay led to the detection of a MUC5AC glycan variant, which could ultimately differentiate between mucin-producing cystic tumors from benign cystic lesions with 78% sensitivity and 80% specificity (124) . Results from the study by Cao et al. (125) show that detection of oligosaccharides terminating in GlcNAc or N-acetyl-lactosamine with sporadic α1,2-linked fucose on MUC5AC distinguished mucinous pancreatic cysts from non-mucinous cysts with 93% accuracy. Furthermore, utilizing proximity ligation assay and the glycoform-specific antibodies, the expression of Tn-MUC5AC, STn-MUC5AC and SLe a -MUC5AC glycoforms has been observed in carcinomas from stomach, ampulla of Vater, lung and ovary. Furthermore, extensive studies are necessitated to establish these MUC5AC-specific glycoforms as potential biomarker candidates in these malignancies (126) .
Dysregulation of MUC5AC in benign pathologies
By forming a polymeric gel, MUC5AC acts as a physicochemical barrier against environmental, chemical and enzymatic insults, allergens and infectious pathogens, thus forming the first line of defense (13) . The secretory mucin MUC5AC is synthesized under physiological conditions by various epithelial cell surfaces like conjunctiva (60) , middle ear epithelium (63), lungs, stomach, gallbladder and endocervix (14) . At the ocular surface, the conjunctival goblet cell-derived MUC5AC acts as a component of the tear fluid providing lubrication as well as maintaining hydration of the epithelial surface (61). MUC5AC is a major secretory mucin in the middle ear epithelium and plays a major role in protecting the surface from pathogenic invasion, pathogenmediated damage and pathogen clearance (127) . MUC5AC is one of the major airway mucins where it is expressed mainly by the goblet cells (13) and is thought to play a prime role in mucosal defense system. However, to date, the exact mechanisms behind these functions are poorly understood (13) . MUC5AC messenger RNA (mRNA) has been detected in the stomach at 23 weeks of gestation, and it is the major gel-forming mucin consistently transcribed and expressed in the adult stomach (54, 128, 129) . As a component of the mucus layer covering the gastric mucosa, MUC5AC functions to protect gastric tissues, from the hazardous gastric environment and multiple infectious agents (130, 131) . MUC5AC is also expressed in endocervix; however, the definitive role played by it is still unclear (54) . Frequent expression of MUC5AC has also been observed in the gallbladder (30) . Interestingly, MUC5AC is secreted into bile fluid (132) . Besides all these, a moderate signal of MUC5AC mRNA has been detected in primitive intestine both on villi and in crypts at 8 weeks of gestation with its inconsistent levels after that. Furthermore, at 12 weeks, MUC5AC mRNAs were observed in the ileum but not in the colon with no expression of MUC5AC detected in any region of the intestine after 12 weeks. Interestingly, MUC5AC expression is never detected in adult bowel unless early stages of neoplasia develop (51) . Also, expression of MUC5AC protein had been observed early in embryonic epidermis from day 13 of gestation until 7 days after birth, when the surface epidermis became negative, and the expression restricts to secreting sebum cells (65) . Expression of secretory mucin MUC5AC is deregulated in different disease conditions as reviewed in Table 2 .
Molecular alterations of MUC5AC in various malignancies
MUC5AC expression is significantly altered in various malignant conditions. Few studies conducted to functionally characterize this mucin in GC (133) , pancreatic cancer (134) and lung cancer (135) indicate both tumor suppressive as well as oncogenic roles of this mucin, suggesting its context-dependent functions. The mechanistic basis of these functions is still obscure. Detailed information regarding expression and molecular implications of MUC5AC in various malignancies is discussed in this section:
Lung cancer
Variable expression pattern of MUC5AC has been observed in bronchial epithelium from normal individuals. MUC5AC is expressed in goblet cells in the normal respiratory mucosa. In initial studies, a reduced expression of MUC5AC was observed in non-small cell carcinomas, regardless of their histologic subtype (136) . In contrast to these, expression of MUC5AC was shown to be the most intense in mucinous-type bronchoalveolar carcinomas (137) . In a study conducted to evaluate the expression of the secretory mucins (MUC2, MUC5AC and MUC6) in 79 surgical specimens of small adenocarcinoma of the lung cases, 7.6% cases expressed MUC5AC. No significant correlation was observed between MUC5AC expression and nodal involvement (138) . While assessing progression from adenomatous hyperplasia to adenocarcinoma with mixed subtypes (MX), an increase in the MUC5AC expression correlated significantly with p53 gene abnormalities, suggesting that the expression of MUC5AC might be associated with the progression of lung adenocarcinoma (139) . Furthermore, overexpression of MUC5AC gene was significantly associated with postoperative relapse and lung cancer metastases (23) . In non-small cell lung carcinoma samples, expression of MUC5AC was detected in 27% samples with epidermal growth factor receptor EGFR) mutations and 30% samples with wild-type EGFR. However, regardless of EGFR mutation status, expression of MUC5AC in non-small cell lung carcinoma was not associated with overall and relapse-free survival (140) . As non-small cell lung carcinoma cases bearing sialomucin expression tended to relapse earlier than those without sialomucin (141), hence, Yu et al. investigated whether the expression of sialomucin in lung cancer is due to an altered glycosylation event or by differential expression of mucin genes. Interestingly, the significantly higher MUC5AC gene expression in adenocarcinomas positively correlated with sialomucin expression (P = 0.012) (142) . Furthermore, studies conducted to test the hypothesis that sialomucin on MUC5AC may contribute to increased metastasis of lung cancer cells revealed that the patients bearing coexpression of MUC5AC and sLe(x) in tumors had a higher probability of postoperative distant metastasis and shorter overall survival (24) . Also, overexpression of secretory mucin MUC5AC in lung tumors of smokers has been associated with increased probability of postoperative recurrence (23) . Interestingly, investigation of the reversible and irreversible expression changes in lung epithelium upon smoking cessation indicated that only partial reversal of MUC5AC on cessation of smoking might account for the persistent lung cancer risk and/or progression to lung cancer (143) .
Gastric cancer
The normal adult stomach is characterized by strong expression of MUC5AC in the foveolar epithelium (144, 145) . However, the expression rate of MUC5AC is decreased with the loss of tumor differentiation, increase in tumor progression, invasion depth and with a heightened occurrence of lymph node metastasis (144) . MUC5AC expression is reduced in GC with 38-42% of gastric carcinomas expressing MUC5AC (146) (147) (148) . Reduction of MUC5AC expression is associated with the significant reduction of gastric differentiation, poor prognosis and a high-risk subgroup of pTNM stage-I patients (26) . Similarly, MUC5AC expression has been inversely associated with tumor stage, depth of invasion, lymphovascular invasion, lymph node and liver metastasis (27, 133, 147) . The patients with MUC1+/MUC5AC− staining in gastric carcinoma tissues showed the lowest survival rate in contrast to the patients with MUC1−/ MUC5AC+ staining pattern (147) . Furthermore, MUC5AC expression was negative in mucinous gastric carcinomas having a deeper invasion, more frequent lymph node metastasis, more advanced pathologic state, lower survival rates than patients with non-mucinous gastric carcinoma (28) . In 11 retrospective cohort studies comprising 2135 patients conducted to assess the association between MUC5AC expression and overall survival and clinicopathological characteristics revealed that decreased MUC5AC expression was significantly correlated with poor overall survival of GC patients. Furthermore, in these analyses, decreased MUC5AC expression was also significantly associated with tumor invasion depth and lymph node metastasis in GC (29) .
Pancreatic cancer
It has been observed that the expression of MUC5AC transcripts was undetectable in all the cell types of normal pancreatic tissue and chronic pancreatitis adjacent to pancreatic cancer.
However, MUC5AC transcript expression was observed in the areas of papillary hyperplasia and pancreatic cancer. MUC5AC mRNA detected by in situ hybridization was expressed in 83% of the 24 intraductal papillary mucinous tumors versus in only 13% of the 38 invasive ductal carcinomas (42) . All the three subtypes of intraductal papillary mucinous tumors (villous dark cell type, papillary clear cell type and compact cell type) expressed MUC5AC (42) . Immunohistochemically, expression of MUC5AC was observed in 100% of intraductal papillary mucinous adenomas compared with only 33.33% of benign mucinous cystadenomas of the pancreas (149) . Besides this, MUC5AC was expressed in all the cases of gastric and intestinal type of intraductal papillary mucinous neoplasm (IPMN) (150) . Meta-analysis of 39 studies having 1235 IPMN samples to determine the relationship between specific genetic alterations and malignant transformation in IPMN indicated differential expression of MUC5AC as a common feature across IPMN cases. Interestingly, among eight markers, a weak positive correlation of MUC5AC and Kirsten rat sarcoma viral oncogene (Kras) and a strong positive correlation of hTERT (human telomerase reverse transcriptase) and Shh (Sonic hedgehog) were observed for histologic progression of IPMN to malignancy (151) . Also, pancreatic mucinous cysts without histologic characteristics of neoplasia and non-invasive mucinous cystic neoplasms were observed to be expressing MUC5AC (152, 153) .
MUC5AC is maximally expressed among all the mucins in all the histologically well-defined precursor ductal lesions of pancreatic cancer called pancreatic intraepithelial neoplasia (PanIN-1A, -1B, -2, -3) and pancreatic cancer compared with its rare expression in normal pancreas (154). Matsuyama et al. examined the differences in mucin expression between normal PanIN lesions and PanINs in pancreatic ductal adenocarcinoma (PDAC-PanINs). MUC5AC expression was observed in 41, 65.7 and 36.4% of normal PanIN-1A, PanIN-1B and PanIN-2 specimens, respectively. Notably, expression positivity was increased to 80.9, 75.8 and 78.3% for PDAC-associated PanIN-1A, PanIN-1B and PanIN-2 specimens, respectively. Particularly, significant differences were observed in the frequency of MUC5AC expression between normal and PDAC-PanIN-1A (P < 0.0001) and PanIN-2 (P < 0.05) lesions (155) .
Among pancreatic tumors, utilizing 21M1 Mab that reacts with C-terminal region of MUC5AC, the expression of MUC5AC was observed in all 100% cases of well-differentiated pancreatic tumors, 96% moderately differentiated and 59% of poorly differentiated tumors (154) . In another study, the expression of MUC5AC was observed in 73.9% of cancerous regions, 48.7% of the dysplastic regions and 72% of the hyperplastic regions but not in the normal pancreatic duct. Notably, stromal expression of MUC5AC was observed in 60.9% of the cancerous regions with no such observation in stromal regions associated with hyperplasia (156) . Furthermore, immunohistochemistry utilizing CLH2 Mab on invasive ductal carcinomas cases of the pancreas in the Japanese population (total cases = 33) revealed that MUC5AC was expressed in 63.6% cases (N = 21), and the investigator observed strong association MUC5AC absence with lymphatic invasion, venous invasion, lymph node metastasis with MUC5AC positive patients (N = 12) showing significantly better survival than MUC5AC-negative patients (43) . Contrary to this, in an important study done on 161 pancreatic tumors taking samples from Surveillance, Epidemiology and End Results registries, the authors observed and presented a statistically significant association between expression of MUC5AC and shorter survival time of patients after adjusting for various covariate including race, sex, stage, time period of diagnosis and treatment. This association was further strengthened in well-to-moderately differentiated ductal adenocarcinomas. Authors highlighted that tumor histologies differed in this study compared with Japanese cohorts and concluded that pancreatic tumor types differ across populations and that interpretation of biomarkers may also vary by pancreatic tumors lineages (45). Takano et al. classified PDAC samples (59 specimens) by histopathological changes and the propensity of heterogeneous gastric and intestinal elements. Tissues expressing MUC5AC (using Mab CLH2) were classified as gastric type PDAC accounted for approximately 25.4% of cases. Interestingly, PDAC with gastric elements were welldifferentiated types with the significantly higher rate of lymph node metastasis (46) . In endoscopic ultrasound-guided fine needle aspiration specimens from PDAC patients (N = 114) in the Japanese cohort, expression of MUC5AC detected using CLH2 Mab was observed in 78.9% cases. Interestingly, advanced-stage PDAC patients with MUC5AC expression had a significantly better outcome than those who were MUC5AC negative (P = 0.002) (44) . Overall, observations regarding MUC5AC expression and pancreatic cancer pathogenesis vary across Japanese cohort versus other regions. These differences could be due to differential pathological classification criterion, sample type, antibodies used, population cohort and stage at which samples were collected.
One of the biggest challenges associated with pancreatic cancer is lack of early-stage diagnostic markers. By the time patient is diagnosed, the disease is in its advanced stages or cancer has metastasized to distant locales. In this context, analysis of upregulated MUC1 and MUC5AC mRNA in pancreatic juice is a better diagnostic modality than that of MUC4 and MUC6 mRNA during the development of high-grade PanIN lesions to invasive ductal carcinomas (157) . In the non-neoplastic endoscopic ultrasound-guided fine needle aspirations (EUS-FNA) of the pancreas, MUC5AC was observed to be absent. Interestingly, the MUC1/MUC2/MUC5AC panel was considered to be the most optimum for the diagnosis of ductal adenocarcinoma (158) . Furthermore, in EUS-FNA specimens, higher specificity of the panel MUC1−/MUC2−/MUC5AC+ and MUC1−/MUC2+/MUC5AC+ were highlighted to diagnose pancreatic cancer and pancreatic mucinous neoplasms, respectively (159) . In a study conducted on sera of pancreatic cancer patients, MUC5AC was found to be elevated at the protein level (in 35% of the patients) and had the most glycan alterations. The most frequent elevations involved fucose, the CA 19-9 (Cancer antigen 19-9) and terminal mannose. The N-glycosylation, as well as O-glycosylation, may play important roles in modifying the behaviors of MUC5AC in disease (160) . Hence, identification and functional characterization of MUC5AC-specific glycan alterations during pancreatic cancer are necessitated. In fact, detection of glycan variants on MUC5AC utilizing antibody-lectin sandwich microarray method could discriminate benign cystic lesions (serous cystadenomas + pseudocysts) from mucin-producing cystic tumors (mucinous cystic neoplasms and IPMN) with sensitivity/specificity of 78%/80%. Interestingly, the combination with cyst fluid CA 19-9 improved sensitivity/specificity to 87%/86% (124) . Furthermore, measurement of glycans on specific proteins may improve a biomarker performance (161) . Interestingly, combined detection of the standard CA 19-9 along with CA 19-9 on MUC5AC and MUC16 improved the sensitivity of pancreatic cancer detection over CA 19-9 alone in each sample set (161) . Moreover, a serum enzyme-linked immunosorbent assay has been developed using the NPC-1C antibody that detects specific epitopes expressed by tumor-associated MUC5AC in pancreatic cancer but not by normal tissues. This serum test may be a new tool to aid in the improved diagnosis of pancreatic cancer (113) . In a major leap forward toward the early stage diagnosis of pancreatic cancer, a recent multicenter study investigated circulating levels of MUC5AC using sandwich enzyme-linked immunosorbent assay and established it as a valuable diagnostic biomarker. It was observed that MUC5AC efficiently differentiated resectable early-stage PC cases from healthy controls, benign controls and chronic pancreatitis cases with 83%/80% sensitivity/specificity, 67%/87% sensitivity/specificity and 83%/77% sensitivity/ specificity, respectively. The diagnostic accuracy for differentiating resectable cases from controls was significantly improved (P-value < 0.001) on a combination of CA 19-9 and MUC5AC (162).
Colorectal cancer
Expression of MUC5AC has been extensively explored during colon adenoma-carcinoma sequence. The absence of MUC5AC expression in the normal colon has been observed by multiple groups. However, MUC5AC is aberrantly expressed in adenomas that are known to be the precursor lesions of colorectal cancer (CRC). Intense overexpression of MUC5AC was a feature of rectosigmoid villous adenomas with low-grade dysplasia than cases with high-grade dysplasia. The study suggested that by acting as a specific marker for rectosigmoid villous adenomas, MUC5AC may be useful for the early detection of rectosigmoid villous adenoma recurrences (163) . In another study, MUC5AC was rarely detected in normal colon, while its low positivity was observed in hyperplastic polyps. MUC5AC immunoreactivity was greatest in larger adenomas of moderate villous histology and dysplasia, while it tended to decrease in highly villous polyps and with severe dysplasia (164) . Interestingly, in a larger cohort of colorectal carcinoma samples, expression of MUC5AC was strongly associated with carcinogenic features via the serrated neoplasia pathway, including CpG island methylator phenotype (CIMP) positivity, somatic BRAF p.V600E mutation, mismatch repair deficiency, proximal location, poor differentiation, lymphocytic response and increased T-stage (P < 0.001) (165, 166) . Interestingly, on the basis of significantly increased expression of secretory mucin MUC5AC and MUC2 in sporadic microsatellite instability-high cancers, it was concluded that serrated polyps of the colorectum may represent precursors of microsatellite instability-high cancers (167) . Furthermore, MUC5AC hypomethylation status could be a useful marker to identify serrated neoplasia pathway-related precursor lesions (168). Krishn et al. (169) observed that MUC2, MUC5AC and MUC17 could provide a critical aid in effectively discriminating adenoma-adenocarcinoma from benign hyperplastic polyps. Furthermore, MUC5AC was found to be associated with both goblet cells as well as crypt for sessile serrated precursor lesions of colon compared with only goblet cells in hyperplastic lesion (170) . Besides precursor lesions of CRC, increased expression of MUC5AC has been observed in 90% of high-grade dysplasia associated with ulcerative colitis (UC; N = 10), 89% of low grade dysplasia in UC (N = 9), 73% of colitic cancer (N = 22) (171), 33% of signet-ring carcinoma of the colorectum (N = 12) (172), 34.1% of colon adenocarcinoma samples (N = 41), 60% of mucinous carcinoma (N = 5) and 19% of lymph node metastatic cases (N = 21) (48, 50, 173) . On the basis of observed higher incidence of MUC5AC in UC-associated neoplasms than sporadic tumors, its utility in the differential diagnosis of UC-associated neoplasms and sporadic ones was also highlighted (171) . Furthermore, MUC5AC autoantibodies have been detected in the sera of 27.3% healthy subjects, 45% patients with polyps and 60% CRC patients. Interestingly, MUC5AC antibody positive patients had shorter disease-free survival and overall survival (174) . Presence of MUC5AC has been significantly correlated with the lack of mismatch repair protein MutL homolog 1 (MLH1) expression (P < 0.005) in colorectal carcinomas (175) . Besides this, expression of MUC5AC in colorectal adenocarcinoma was significantly correlated with tumor differentiation, invasion (P < 0.01) along with positive correlation to E-cadherin expression (50) . Another study on T1-stage colorectal carcinoma patients revealed that MUC5AC-positive patients had significantly higher incidences of right-sided carcinoma (P = 0.005), polypoid growth carcinoma (P = 0.009) and mucinous adenocarcinoma (P = 0.035) than in MUC5AC-negative patients (176) . MUC5AC expression in CRC has a significant positive correlation with tumor grade (P = 0.006), and MUC5AC expression increased as the stage of disease progressed from 1 to 4 (49) . Not only in humans but also in rat colon cancer model (MNNG treatment based), increased Muc5ac expression was observed in typical aberrant crypt foci in the colon mucosae underscoring utility of Muc5ac as an early marker of colon carcinogenesis (177, 178) .
In addition to these malignancies, expression status and functional association of MUC5AC in other cancers have been elaborated in Table 1 .
Functional and mechanistic implications of MUC5AC in cancer
Despite information regarding differential expression of MUC5AC in multiple malignancies, fewer studies have focused to investigate context-dependent role of MUC5AC in various pathologies. Study conducted to comprehend the functional implication of MUC5AC in pancreatic cancer concluded that MUC5AC mediates accelerated pancreatic cancer progression by inducing the vascular endothelial growth factor receptor-1 (VEGFR-1) signaling pathway in an autocrine manner. Suppression of MUC5AC resulted in significant decrease in the propensity of cells to adhere or invade the extracellular matrix components as compared with controls along with downregulation of genes encoding for the adhesion and invasion factors like matrix metalloproteinase-3 (MMP-3), integrins and vascular endothelial growth factor (VEGF) and reduced activation of ERK1/2. Inhibition of MUC5AC led to the reduced production of VEGF and subsequent phosphorylation of VEGFR-1 (Figure 2 ). Subcutaneous tumor formation was significantly reduced on knockdown of MUC5AC in nude mice. However, the mechanisms associated with MUC5AC-mediated in vivo tumor suppression remain obscure (179) . Furthermore, in another study, Inaguma et al. (134) observed that GLI-mediated expression of MUC5AC modulated pancreatic cancer cell properties by regulation through the E-cadherin/β-catenin axis. Observations from the study indicated that homophilic interaction and membrane stabilization of E-cadherin might be hindered by MUC5AC expression at the junctions of pancreatic cancer cells. Therefore, it was inferred that targeted collapse of the MUC5AC polymeric gel would allow E-cadherin of adjacent cells to undergo their conventional ligation pattern and thereby restrain β-catenin-mediated expression of genes encoding for migration and invasion factors of pancreatic cancer cells (Figure 2) (134) . Another study showed that presence of MUC5AC does not impact the in vitro growth of pancreatic cancer cells; however, its expression was directly correlated with tumor growth in vivo. Mechanistically, infiltration of CD45R/B220+ and Gr-1+ cells was observed in si-MUC5AC cells derived tumor tissues of mice, suggesting that infiltrated neutrophils might have antitumor effects mediated by antibody-dependent cell cytotoxicity via phagocytosis, elastase or superoxide generation. Another possible reason for the attenuation of tumorigenicity in knockout mice was a possible association of MUC5AC in immune suppression and avoidance (180) . Furthermore, Hoshi et al. (181) observed that suppression of MUC5AC inhibits in vivo tumor growth due to increased infiltration of neutrophils resulting in tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated increased apoptosis ( Figure 2) . However, extensive studies should be directed to explore the immunosuppressive role of MUC5AC in human pancreatic cancer.
Elevated levels of MUC5AC are associated with poor prognosis in lung cancer; wherein, it was associated with epithelial to mesenchymal transition of the cancer cells. MUC5AC-mediated increased lung cancer cell migration was also attributed to its interaction with integrin β4 and increased focal adhesion kinase (FAK) phosphorylation at Y397 residue (Figure 2) (135) . On the contrary, MUC5AC knockdown increased tumorigenicity and metastasis of GC cells (SNU216 and AGS). Increased Akt (v-akt murine thymoma viral oncogene homolog 1) phosphorylation, elevated VEGF and matrix metalloproteinase-7 (MMP-7) expression were indicated as the underlying mechanism behind the increased oncogenic properties in the knockdown cells because the presence of MUC5AC can lead to inhibition of the phosphatidylinositol 3-kinase/Akt pathway ( Figure 2) (133) . A recent study highlighted MUC5AC as a potential therapeutic candidate for CRC. The genetic inhibition of MUC5AC in colon cancer cells impaired the colony-forming ability of these cells by reducing cell viability, increased apoptosis and G 1 cell cycle arrest. Interestingly, loss of MUC5AC dramatically repressed the cell migration and invasion of colon cancer cells (182) .
Overall, MUC5AC is an emerging conspicuous glycoprotein differently regulated in multiple malignancies with variable prognostic marks in a context-dependent manner. However, to date, limited studies have explored its mechanistic significance, and further emphases are necessary to delineate its functional contributions during neoplastic pathogenesis.
Muc5ac mice models
Shekels et al. for the first time established that the MGM gene identified from murine gastric cDNA, was a murine homolog of human MUC5AC (109) . Similar to human homolog, mouse Muc5ac is organized with other mucins as Muc6-Muc2-Muc5ac-Muc5b indicating the organizational conservation during evolution (183) . The genomic region encoding for Muc5ac was found to be of 29 kb size and was expected to produce a 9 kb mRNA transcript bearing 49 exons (184) . The size of Muc5ac central exon was estimated to be approximately 6.5 kb (183) . With respect to orientation, the mucins Muc2, Muc5ac and Muc5b were arranged in the same direction as in humans, while Muc6 gene has reverse orientation. Further investigations indicated that the peptide sequences from different secretory mucins had striking similarities in their N-and C-terminal regions and also to prepro-von Willebrand factor-like domains [D, B, C and C-terminal cystine knot (CK) domains]. However, the PTS-rich central region of different secretory mucins was specific for mucin-type and species. The murine MUC5AC gene encompasses a stretch of 48 nucleotides that encodes a serine and threonine-rich consensus sequence of 16 amino acid (QTSSPNTGKTSTISTT) residues, comparable with the human 8 amino acids long TR regions (109, 185) . Expression studies also showed that alike human MUC5AC, murine Muc5ac was observed most prominently in airways, stomach and conjunctiva of mice (109) . Overall, this information laid the foundation for the investigation of Muc5ac gene control and functional implications utilizing the animal models (183) .
Multiple studies have utilized the genetically modified mice models of Muc5ac, to understand the mechanisms associated with its regulation and functionally characterize this secretory mucin in pathologies related to different organs.
Hasnain et al. highlighted the role of Muc5ac as a crucial mediator during infections of the intestine, besides being a major component of the immune barrier. Cytokines IL-13-and IL-4-induced Muc5ac protects from Trichuris muris (T.muris) infection, whereas its deficiency (Muc5ac −/− ) renders mice more susceptible to chronic T.muris infection along with a significant delay in the removal of other infectious agents such as Trichinella spiralis and Nippostrongylus brasiliensis from the intestines of infected mice (186) . Interestingly, Muc5ac-deficient mice infected with T.muris revealed significantly elevated IFN-γ, increased goblet cell numbers, Muc2 levels, significantly higher levels of adenosine triphosphate in worms compared with the worms isolated from the infected WT mice. There was also a slight increase in IFN-γ in uninfected Muc5ac-deficient mice (186) . In this study, authors also concluded that Muc5ac plays an important role in alleviation of inflammatory response, thus playing a protective role. Ehre et al. investigated relationship between inflammation, Muc5ac hypersecretion and airways obstruction using Muc5ac transgenic animal and highlighted the protective role of Muc5ac during airway pathologies. Muc5ac transgenic mouse was developed by cloning full-length Muc5ac cDNA in murine small and large airways. The resultant Muc5ac transgenic mice showed a 17.7-fold increased Muc5ac production in bronchoalveolar lavage fluid and approximately 2-fold increase over the ovalbumin-challenged model compared with WT mice (184) . There was no compensatory impact on other mucins suggesting independent regulation of these mucins in the absence of disease. Furthermore, there was no evidence of small airways, large airways obstruction suggesting its efficient clearance from airway surfaces (184) . Interestingly, the increased mucus was recovered by increasing the height of the mucus layer, without any alterations in its concentration. Moreover, the protective antiviral impact of Muc5ac was uncovered by the resistance of Muc5ac-transgenic mice to PR8/H1N1 influenza in vivo (184) . It in intercellular junctions may interfere with the E-cadherin (E-Cadh) homotypic interaction, thereby increasing nuclear localization of β-catenin (β-Cat), which results in increased expression of cyclin-D1 (plays an important role in cell cycle regulation and proliferation).
was shown that α-2,3-linked sialic acid residues on the Muc5ac act as a decoy to bind virus, limiting its access to the airways epithelial surfaces, thus preventing infection (184) . Interestingly, reduced neutrophilic response thus limiting the lung tissue damage was observed in Muc5ac-transgenic mice exposed to infection (184) . However, the exact mechanisms addressing the impact of Muc5ac on reduced neutrophil infiltration remained elusive, needing further investigations. This study cautions for careful titration of any future therapeutics designed to reduce Muc5ac production in order to amend airway obstruction, as this may lead to compromised immune functions (184) .
Contrary to above mentioned protective roles of Muc5ac, another study provided the evidence of the detrimental role of Muc5ac during acute lung injury. For this, the Muc5ac −/− mice were subjected to ventilator-induced lung injury (VILI) (187) . WT mice exposed to VILI revealed increased Muc5ac transcript and protein levels mediated by transcription factor NF-κB (187) . Intriguingly, Muc5ac
−/− mice exposed to VILI had significantly improved pulmonary gas exchange, significantly reduced pulmonary edema, complete abolishment of myeloperoxidase levels, attenuated regulation of cytokine, chemokine and chemokine receptor levels (Cxcl1, Cxcl2 and IL-6 transcripts and proteins) and significantly increased survival than WT littermate controls. The presence of Muc5ac also increased in trafficking of Ly6G high / CD11b high polymorphonuclear cells in the pulmonary tissue of WT mice exposed to VILI (187). Mechanistically, it is possible that by acting as a cytokine 'sponge,' Muc5ac may prolong the half-life of these inflammatory cytokines and other inflammatory mediators, thereby resulting in enhanced lung inflammation and increased neutrophil trafficking. Evans et al. identified the novel role of mucin plug formed by Muc5ac overproduction in exacerbating the pathologies of airway hyperreactivity to methacholine (MCh) in mice challenged with pulmonary allergens Ovalbumin and Aspergillus oryzae (AOE) extract. Since no significant variation in the eosinophil infiltration was observed among WT and Muc5ac −/− mice upon OVA and AOE challenge, airway hyperreactivity was reasoned to be caused by Muc5ac-mediated physical constriction of the airways. Furthermore, airway diameters and airway smooth muscle contraction thickness were significantly reduced in Muc5ac −/− mice after allergen exposure. The authors commented that both the airway smooth muscle and Muc5ac hypersecretion act synergistically to induce airway hyperreactivity (188) .
Besides studies delineating the role of Muc5ac in airway pathophysiology, its potential role in the maintenance of ocular homeostasis has also been investigated. In Muc5ac −/− mice model, there was a compensatory increase of another secretory mucin Muc5b at mRNA and protein level along with significant enlargement of mucous cells on the ocular surface (189) . Lack of Muc5ac markedly destabilized the tear film resulting in qualitative tear film insufficiency with the tear volume remaining intact (189) . Besides this, a few Muc5ac −/− developed opacification on their ocular surface (mainly on the cornea) warranting further investigations on the molecular and mechanistic basis of these observations. This study highlighted the therapeutic potential of artificial tear fluid supplemented with Muc5ac to have a beneficial effect on dry eye patient (189) . Another study contradicted a dry eye phenotype in mice on loss of Muc5ac. They did not observe any significant alterations in the overall appearance of the cornea or eyelids and concluded that Muc5ac −/− mice are inappropriate animal model for studying human dry eye disease (60) . The authors proposed that the corneal opacification observed in the previous study might be a secondary phenotype caused by infection due to debris or pathogens and do not directly relate to the deletion of the Muc5ac gene. Besides this, they did not observe any qualitative or quantitative changes in goblet cells of conjunctival epithelium in Muc5ac deficient mice, thus disproving the observations from the previous study (60) .
Our group evaluated the expression of Muc5ac in the genetically engineered Kras G12D , Pdx1-Cre (KC) murine models of pancreatic cancer and observed an elevated expression of secretory mucin Muc5ac in the pancreas of KC mice both at mRNA and protein level. De novo expression of Muc5ac was observed as early as at 10 weeks compared with no expression in LSL-Kras G12D mice (190) . Interestingly, MUC5AC expression progressively increased from 10th week to the 50th week of progression compared with none in the pancreas of age-matched unfloxed LSL-Kras G12D mice (190) . Interestingly, Muc5ac was strongly expressed in the metastatic lesions involving liver, small intestines and lungs at 50 weeks of age (190) .
Unfortunately, majority of mouse models used for Muc5ac studies involves its germline deletion. Considering its contextdependent role in different organ, the obtained information might not represent true picture in terms of both functionality as well as modulating the innate and adaptive immunity. In this direction, Ehre et al. observed that overexpression of Muc5ac in lung epithelial reduced pulmonary tissue damage by limiting the neutrophil infiltration upon infection, while Koeppen et al. observed reduced infiltration of neutrophil in conjunction with lung inflammation in Muc5ac knockout animals compared with WT mice upon antigen challenge. Taking into consideration the above example, mouse models bearing organ-specific knockout of this mucin may enhance the robustness and reproducibility of the functional annotations of this molecule. In order to delineate organ-specific functioning of MUC5AC for pancreatic cancer, our group is putting concerted efforts to develop a pancreas-specific knockout model for Muc5ac.
Regulation of MUC5AC expression
Secretory mucin MUC5AC is aberrantly expressed under inflammatory conditions and multiple malignancies such as pancreatic cancer, lung cancer, and CRC. A plethora of studies in last decade has investigated the regulation of MUC5AC expression, in different physiological and pathological contexts. Briefly, MUC5AC has been shown to be regulated by environmental pollutants [cigarette smoke (CS) extracts, acrolein, ozone], viral mediators (respiratory syncytial virus, rhinovirus), bacterial products [lipopolysaccharides (LPS), lipoteichoic acid (LTA), peptidoglycans, flagellin], cytokines (TNF-α, IL-1β, IL-4, IL-6, IL-9, IL-13, IL-17), growth factors (EGF, TGF-α, RA, thyroid hormones) and proteases (neutrophil elastase) (73, 191, 192) (Figure 3) . A recent study by Qin et al. showed that TMEM16A, a calciumactivated chloride channel-mediated MUC5AC hypersecretion in the human airway epithelia, can be induced by IL13 and was mechanistically modulated by STAT6 and ERK1/2 signaling pathways (193) . Furthermore, MUC5AC is also regulated by microRNAs (miRNAs) underscoring the utility of their therapeutic targeting for modulation of MUC5AC expression (194) . It has been shown that mucus overproduction during inflammatory airway diseases can be managed by manipulation of miRNAs. MUC5AC production by airway epithelial cells stimulated by neutrophil elastase was downregulated by miR-146a-mediated inactivation of c-Jun N-terminal kinase (JNK) and NF-κB signaling (195) . Notably, overexpression of hemeoxygenase-1 (HMOX1) decreased the expression of miR-378 (Oncomir/Angiomir) and further reversed miR-378-mediated increased MUC5AC, VEGF, interleukin-8 (IL-8) and Ang-1 production leading to decreased proliferation, migration and angiogenic potential of NCI-H292 lung cancer cells both in vitro and in vivo. Thus, this study underscores a prospective therapeutic strategy, to inhibit miR-378-mediated impact on lung cancer cell growth and metastasis (196) . Another study showed that in IL-13-stimulated nasal epithelial cells, mRNA and protein expression levels of MUC5AC could be significantly decreased by the forced expression of miR-143 (197) .
Little is known about the mechanisms associated with atypical expression of MUC5AC in pancreatic tumors. It has been shown that forskolin and vasoactive intestinal peptide stimulate adenylyl cyclase and protein kinase A pathway to increase MUC5AC antigen expression and release from SW1990 pancreatic cancer cells (94) . Furthermore, transcription factor specificity protein-1 (SP-1) is involved in basal transcription of the MUC5AC gene (198) . The AP-1 (Activator protein-1) transcription factor is also involved in both basal and PMA-induced MUC5AC promoter activation via PKC/ERK and PKC/JNK pathways (198) . As detailed earlier, MUC5AC is a direct transcriptional target of GLI1 in pancreatic cancer cells. GLI1 and GLI2 could activate the promoter of MUC5AC through its conserved CACCC-box-like cis-regulatory elements (134) . Furthermore, Kageyama-Yahara et al. identified a highly conserved 15 bp sequence between −111 and −125 bp in the 5′ promoter upstream region of MUC5AC gene in gastrointestinal cells as the Gli-binding site, and it was observed that Gli regulates MUC5AC transcription via direct protein-DNA interaction (199) . Promoter characterization of mucin genes in lung carcinoma cell line NCI H292 indicated that the EGF and TGFα responsive regulatory element is localized at -202/-1 region of MUC5AC gene. Simultaneous activation of the EGFR/Ras/Raf/Extracellular signal-regulated kinase-signaling axis led to overexpression of MUC2 and MUC5AC upon Sp1 binding to the promoter (200) .
Furthermore, utilizing human pancreatic ductal epithelial cells (HPDE and PK-8), it was concluded that mutation of GNAS induces MUC5AC expression in IPMNs through interaction with MAPK (mitogen-activated protein kinase) and phosphoinositide 3 kinase (PI3K) pathways (201) .
In order to understand the epigenetic regulation of mucin expression, Vincent et al. examined DNA methylation and histone modification associated with the gel-forming mucin gene promoters by designing luciferase reporter promoter deletion constructs in different epithelial cancer cell lines. This study indicated that MUC5AC gene expression is rarely regulated by direct histone deacetylation or DNA methylation and probably involve indirect mechanisms (202) . Interestingly in a later study, CpG methylation and Histone H3 Lysine 9 modification at the distal region of the MUC5AC promoter were associated with its expression profile (22) . These events are also associated with goblet cell metaplasia and transdifferentiation. Biosynthesis of secretory mucin MUC5AC: After transcription, the translated MUC5AC polypeptide undergoes N-glycosylation and intramolecular disulfide bond formation and folding in endoplasmic reticulum (a), intermolecular dimerization takes place within 1 h by disulfide linkage between C-terminal CK domains (b) followed by MUC5AC dimerization and translocation to cis Golgi (c). In cis Golgi, O-glycosylation takes place at the serine and threonine residues present in tandem repeat domains of MUC5AC. During transit through Golgi, the glycan chains are further extended (d) and MUC5AC dimers then polymerize in trans Golgi or secretory granules via the intermolecular disulfide linkage between N-terminal D3 domains (e). During the constitutive secretion process, the polymeric mucins are released outside the cell where they form a dense polymeric gel-like structure.
Differential expression of MUC5AC is observed in hypoxic environment. A consensus-binding motif for hypoxia-inducible factor 1-α (HIF1-α) has been observed in the core promoters of all the mammalian MUC5AC orthologs, inferring direct impact of hypoxia on the expression of MUC5AC. Zhou et al. observed that −64 bp hypoxia response element (HRE) on MUC5AC promoter is responsible for hypoxia-mediated MUC5AC induction, and site-specific mutation in this element abolished the activity of MUC5AC promoter (203) . Under inflammatory conditions, IL-13 and EGF-mediated induction of HIF1-α binding to Muc5ac promoter resulted in increased transcription of Muc5ac, while a mutation in the binding motif dramatically reduced the Muc5ac promoter activity (204, 205) . Interestingly, human neutrophil elastase induced generation and activation of HIF-1α-activated protein kinase C (PKC), subsequently sensitized transient receptor potential vanilloid subtype 1 (TRPV1), resulting in increased production of MUC5AC and pro-inflammatory cytokines (206) . Kim et al. (207) observed that increased MUC5AC expression and production during sinusitis can be reduced either by increasing the oxygen tension or by modulating the hypoxia-inducible factor 1-α activity. Jhang et al. (208) used the multifunctional silver nanoparticles to alleviate allergic asthma. Silver NP attenuated MUC5AC hypersecretion via blocking of HIF-1α and Th-2 cytokines. Furthermore, Yu et al. showed that CS stimulates MUC5AC expression in airway epithelial cells via induction of HIF-1α by EGFR facilitated promotion of PI3K and ERK signaling pathways (209) .
In addition to hypoxia, smoking modulates MUC5AC expression in various pathological settings. Molecular mechanism for smoking-mediated mucin production inhibition is an area of high clinical relevance for both benign and malignant pathologies. CS, a complex mixture of volatile (acrolein, naphthalene and aldehydes) and non-volatile [aflatoxin B1, benzo(α)pyrene, phorbol ester analogs] components have been strongly associated with differential mucins induction. Among various mucins, MUC5AC is the predominant mucin produced from goblet cells in human airways, and its expression is regulated by neutrophil elastase, air pollutants and bacterial products and smoking in various benign and malignant pathologies. Among lung toxicants, total particulate matter and acrolein increased the percentage of MUC5AC positive cells and induced a profound effect on cellular differentiation, while formaldehyde and acetaldehyde had partial effect on MUC5AC production (210) . CS not only induces MUC5AC by itself but also synergize with pro-inflammatory cytokines including TNF-α, TGF-α, LPS and amphiregulin (211) . Additionally, elevated MUC5AC levels have also been associated with lung tumors from smokers. Overexpression of MUC5AC showed significant association with increased probability of postoperative recurrence (23) . Smoking generated reactive oxygen species result in activation of TNF-α-converting enzyme that causes increased TGF-α shedding leading to EGFR phosphorylation and MUC5AC induction in human airway epithelial (NCI-H292) (212, 213 -activated chloride channel (CLCA1) in airway epithelium of smokers (with or without chronic obstructive pulmonary disease [COPD] ) is a critical contributor in its pathogenesis of COPD due to its significant positive correlation with MUC5AC expression (214) . EGFR and chloride channel CLCA1 are speculated to affect MUC5AC production as a part of a single complex signaling pathway (215) . Additionally, MUC5AC transcriptional upregulation in response to tobacco smoke is also mediated by transcription factor AP-1 via JNK and Src-dependent fashion (216) . MUC5AC expression in long bronchial biopsies from long-term smoker is associated with HER3 expression but not with neutrophil infiltration (217) . Furthermore, CS-exposed lungs produce growth differentiation factor 15 that activates PI3K pathway to promote MUC5AC production (218 (221) . Further studies by the same group identified that PPAR-γ agonist 'Rosiglitazone' inhibit MUC5AC production by upregulating phosphatase and tensin homolog (PTEN) signaling and downregulating AKT expression (222) . Anti-inflammatory and antioxidant enzyme-Heme oxygenase-1 (HO-1) was found to significantly attenuate airway mucus hypersecretion in animals and humans exposed to CS. Long-acting muscarinic antagonist, aclidinium suppresses CS-induced MUC5AC overexpression in human airway epithelial cells (223) . Wang et al. observed that cigarette smoking significantly modulates expression of GAD67 gene (rate-limiting enzyme in GABA synthesis) in small and large airway epithelium of smokers. Additionally, a significant positive correlation was revealed between GAD67 gene expression and MUC5AC expression, thus providing a novel therapeutic target to curb manifestations of mucus overproduction due to smoking (224). Monzon et al. underscored therapeutic utility of targeting monocyte chemoattractant protein-1 to attenuate CS-induced mucus hypersecretion in COPD patients. They observed an association of monocyte chemoattractant protein-1 expression with increased MUC5AC expression in airway epithelium of smokers. Additionally, these observations were corroborated in vitro where monocyte chemoattractant protein-1 induced MUC5AC expression by initiating interaction of its receptor CCR2B with G(q) subunits in caveolae and subsequent PLCβ, PKC and ERK1/2 activation (225). NRG1β/ErbB3 signaling via the MAPK and PI3K signal pathways mediates induction of MUC5AC in CS-exposed airway epithelial cells (16HBE) (226) . Fu et al. (227) reported that Ly-6 protein (Lynx1) agonists or mimetic could be utilized to attenuate MUC5AC production in CS-induced pathologies, due to its ability to negatively regulate α7nAChR downstream signaling mediated by inhibition of Src activation. Overall in the past decade, regulation of MUC5AC under conditions of physiologic stress, inflammation, infection and oncogenesis is well elucidated across different studies by multiple groups. Considering the current research scenario, therapeutic intervention of this molecule is possible by regulating its positive regulators to alleviate manifestations of its overproduction in diseases.
Therapeutic antibodies against MUC5AC
Development of resistance to different therapeutic modalities poses the biggest challenge in targeting devastating malignancies. In order to therapeutically target pancreatic cancer, a chimeric immunoglobulin (IgG1) called NPC-1C has been developed, which targets a glycan variant of MUC5AC. During preclinical characterization of NPC-1C antibody, 48% of pancreatic cancer tissues reacted compared with no reactivity in normal pancreatic tissues. Furthermore, the potential therapeutic utility was highlighted as NPC-1C, which not only mediated pancreatic cancer cells killing but also caused 2-to 3-fold reduction in CFPAC-1 xenograft tumor growth compared with normal saline and IgG controls (95) . The mAb NPC-1 was, however, able to kill more than 40% pancreatic cancer cells. It was also capable to reduce and in many cases eliminate the growth of established tumor in the animals (228). Yamazoe et al. assessed MUC5AC as a potential immunotherapeutic target for pancreatic cancer. Two peptide epitopes [MUC5AC-A02-1398 (FLNDAGACV) and MUC5AC-A24-716 (TCQPTCRSL)] elicited cytotoxic T-lymphocytes bearing cytotoxicity specifically against HLA-A*0201-and A*2402-positive target cells, respectively (229). Gold et al. observed high specificity of anti-MUC5AC PAM4 antibody (clivatuzumab) for PDAC in relative to the normal pancreas, non-malignant pancreatic lesions and cancers of other tissues. Interestingly, PAM4 antibody specifically reacted with an epitope present within the N-terminal cysteine-rich subdomain2 (Cys2) of MUC5AC (230, 231) . These studies highlight the clinical utility of PAM4 antibody for early stage diagnosis and subsequent therapy of pancreatic cancer.
Conclusions and perspectives
Extensive research efforts in last decade established mucins as one of the clinically relevant molecules. Under physiological conditions, mucin glycoproteins primarily function to provide protection against various ambient stimuli, lubrication and for the establishment of homeostasis at the epithelial surfaces lining the internal organs of the body. Mucins are impacted by various pathologies including inflammatory, benign and malignant and in turn impact the disease progression. Significant alterations in the levels and glycosylation of secretory mucin MUC5AC have been observed both in benign and malignant pathologies. Involved in protection and lubrication of various exposed surfaces such as conjunctiva, lungs, stomach and endocervix under physiological conditions by forming polymeric gels over epithelial surfaces, MUC5AC plays a critical role in the innate mucosal defense. Lack of appropriate models mimicking the pathological contexts hindered understanding of the exact contextual roles played by MUC5AC. However, with the advent of genetically engineered mouse models, our understanding of the mechanisms associated with MUC5AC-mediated processes are getting refined, but they are far from being clearly elucidated. For an example, despite information about MUC5AC expression in endocervix, nothing is indicated about its role in the reproductive process. Besides, the differences in anatomy and physiology of rodents and humans also pose as a disadvantage in fully understanding the exact functions and exploiting them to therapeutic benefit. Much progress has been made to elucidate the major domains, structure and assembly of MUC5AC. However, not much has been done to understand exact roles of these domains in various pathological contexts. Moreover, information about molecular interacting partners of MUC5AC needs extensive research. It has been hypothesized that by its cysteinerich D-domains and vWF-like domains, MUC5AC may interact with other proteins having similar domains. As a component of mucus, through ionic or hydrophobic interactions, it might even interact with other mucins and play critical role in maintaining stability of the mucus layer. However, this warrants further investigations. As MUC5AC is a secretory mucin, identification of its associated molecules to clarify the nature of MUC5AC barrier should better be done without disrupting the mucus gel. The knowledge gained will help to devise strategies for better access and facilitated uptake of pharmaceuticals and gene therapy agents across MUC5AC polymeric gel barrier. Looking at the aberrant alterations of MUC5AC in multiple pathological states, significant efforts are invested to comprehend mechanisms of its regulation, utility as early-stage diagnostic marker, prognostic marker and its functions in different contexts. Substantial strides are carried out to characterize promoter of MUC5AC and understand the transcriptional, epigenetic regulation of MUC5AC in cell-and tissue-specific manner and explain how its aberrant alterations in its expression occur during inflammatory, benign and neoplastic progression. The biggest challenge that remained is the procurement, processing and absolute quantification of MUC5AC levels in samples from healthy versus diseased states. Therefore, the lack of current understanding regarding the levels to which altered MUC5AC levels should be titrated has impacted appropriate therapeutic targeting of this mucin, rendering mixed outcomes. Furthermore, some studies recently highlighted posttranscriptional regulation of MUC5AC mediated by miRNAs in different pathologies providing an underexplored field with a huge promise to explore further. Another area that demands extensive attention is the characterization of post-translational modifications such as differential glycosylation patterns associated with MUC5AC, specifically during different disease states in comparison with the healthy individuals. The knowledge gained from here can be employed to devise better diagnostic markers and disease-specific therapeutic modalities. Interestingly, extensive efforts are currently being made to utilize MUC5AC in conjunction with other markers as an early stage diagnostic marker of cholangiocarcinoma and PDAC. Interestingly, recent studies have linked genetic variants of MUC5AC to be involved in predisposition to cystic fibrosis and GCs. Functional variations in MUC5AC owing to variations in domain structure and regulatory regions resulting in different pathologies are also emerging. Interestingly, not much has been investigated concerning aberrant assembly of MUC5AC due to genetic polymorphisms, stress conditions such as hypoxia and smoking, which may predispose individuals to various disease conditions and malignancies. MUC5AC has contrary roles in gastric and pancreatic cancer. It would be interesting to comprehend how the pathological context and associated microenvironment affects the various roles played by MUC5AC. Future studies should focus on understanding the mechanisms related to roles played by MUC5AC in various malignancies. Furthermore, it will be important to take cues from the mechanisms associated with clearance of overexpressed and hypersecreted MUC5AC in airway diseases. These cues could be of help in developing therapeutic strategies for clearance of MUC5AC in malignancies where its' presence has poor prognosis. Finally, the promise and the driving objective of research on MUC5AC is the opportunity to discover novel diagnostic markers for different cancers and new therapies that can normalize its levels under different pathological conditions.
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